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The Xenopus germ line is derived from a specialized region in the vegetal hemisphere of the oocyte, the germ plasm. Several maternal transcripts
harboured in this region have been connected to the process of germ cell specification. We identified and functionally characterized a novel vegetally
localizing mRNA encoding a glutamate receptor interacting protein (GRIP) family member in Xenopus, termed XGRIP2.1. XGRIP2.1 is specifically
associated with the germ plasm and PGCs throughout Xenopus embryogenesis. Morpholino-mediated knockdown and overexpression of a putative
dominant negative XGRIP2.1 protein fragment reduced average PGC numbers and interfered with the proper anteroposterior positioning of PGCs at
tailbud stages. Thus, our results suggest that XGRIP2.1 is required for normal PGC development and migration in Xenopus.
© 2007 Elsevier Inc. All rights reserved.Keywords: GRIP; RNA localization; Xenopus; Germ cell migrationIntroduction
In many animal species, asymmetric localization of maternal
mRNAs is critical for embryonic patterning events, such as the
specification of the primary body axes, the germ layers and the
germ line (reviewed in:Kloc andEtkin, 2005). During the earliest
phases of Xenopus oogenesis, the germ line already starts to be
defined by segregation of maternal determinants in a specialized
vegetal region of the oocyte cytoplasm, the germ plasm. The
germ plasm is selectively inherited by the presumptive
primordial germ cells (PGCs) and is essential for germ line
formation (Buehr and Blackler, 1970;Wakahara, 1977, reviewed
in: Houston and King, 2000a). It is thought to emerge from the
mitochondrial cloud (MC), an opaque structure residing in the
vegetal hemisphere of stage I–II oocytes, enriched in granulofi-
brillar material, rough endoplasmic reticulum, Golgi complexes
and mitochondria (Heasman et al., 1984; Kloc et al., 2004).⁎ Corresponding author. Fax: +49 551 3914614.
E-mail address: tpieler@gwdg.de (T. Pieler).
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doi:10.1016/j.ydbio.2007.09.012A subset of maternal mRNAs accumulates in a specific sub-
domain of the MC, referred to as the METRO region (messenger
transport organizer), during its transport to the vegetal pole of
Xenopus oocytes. mRNA transport acting at the onset of
oogenesis (stage I) is therefore termed the METRO or early
localization pathway (Kloc and Etkin, 1995; Kloc et al., 1996).
As oogenesis proceeds, early-localizing transcripts comigrate
with the MC to the vegetal cortex, where they become anchored
in a restricted apical region by stage III. The second major
pathway of vegetal mRNA transport, the late localization
pathway, is only initiated during stages III–IV, and it targets a
broader region of the oocyte cortex, comprising the entire vegetal
hemisphere.
Several vegetally localizing transcripts, such as Xpat, Xcat2
and DEADSouth, have been described to remain specifically
associated with the germ plasm and PGCs throughout Xenopus
embryogenesis (Mosquera et al., 1993; Hudson and Woodland,
1998; MacArthur et al., 2000). These germ cell specific mRNAs
appear to function in the process of germ cell specification in
Xenopus; the early-localizing mRNA Xpat was proposed to be
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(Machado et al., 2005).
The vegetally localizing mRNAs Xdazl and XDead end both
encode RNA binding proteins required for PGC specification in
Xenopus (Houston and King, 2000b; Horvay et al., 2006).
Interestingly, disrupting the function of either mRNA results in a
reduction of PGC number, albeit occurring at different
developmental stages, i.e. the late and early tailbud stage,
respectively. In addition, depletion of maternal Xdazl mRNA
inhibits PGC migration, possibly accounting for the loss of
PGCs later in embryogenesis (Houston and King, 2000b).
Knockdown of Dead end gene expression in zebrafish embryos
also leads to disturbed motility and subsequent disappearance of
PGCs (Weidinger et al., 2003).
In Xenopus, PGCs are specified by transmission of the germ
plasm during cleavage and then transported passively to the
endoderm by coinvolution with the vegetal cell mass during
gastrulation (Whitington and Dixon, 1975; Houston and King,
2000a). Active PGC migration is initiated during tailbud stages,
at which PGCs first move laterally towards the ectoderm and
then dorsally, reaching the endodermal crest at early tadpole
stage (stage 40). From this position, they enter the medial
mesoderm and pass the dorsal mesentery to colonize the genital
ridges, which will form the gonads by stage 50. Due to the
difficulty in distinguishing passive morphogenetic movements
from active PGC migration, it has so far remained unclear, if
translocation of PGCs along the anteroposterior axis is, possibly,
an active process (Whitington and Dixon, 1975). In zebrafish,
the SDF-1a ligand acting via the chemokine receptor CXCR4,
serves as the major PGC attractant, also mediating anteroposter-
ior guidance at long range (Doitsidou et al., 2002; Knaut et al.,
2003; reviewed in: Raz and Reichman-Fried, 2006). Although
CXCR4 and SDF-1 homologues have been identified in Xeno-
pus, their potential involvement in PGC migration has not yet
been analyzed (Moepps et al., 2000; Braun et al., 2002). Apart
from fibronectin, which appears to function as PGC substrate in
the dorsal mesentery during the late phase of migration
(Heasman et al., 1981), the factors directing PGC migration in
Xenopus are largely unknown.
Here we report on the identification and functional
characterization of the vegetally localizing Xenopus GRIP2
(XGRIP2.1) mRNA, encoding a member of the GRIP
(glutamate receptor interacting protein) family of multi-PDZ
domain proteins. Mammalian GRIP proteins (GRIP1 and ABP/
GRIP2) were first identified as interaction partners of the AMPA
receptor subunit GluR2 and proposed to be involved in its
recycling and synaptic transport (Dong et al., 1997; Srivastava et
al., 1998; Wyszynski et al., 1999; Osten et al., 2000; Xia et al.,
2000; Braithwaite et al., 2002; Setou et al., 2002). Targeted
inactivation of the murine GRIP1 gene resulted in complex
malformations similar to the human Fraser syndrome, suggest-
ing its involvement in cell–matrix interactions during embry-
ogenesis (Takamiya et al., 2004). The single Drosophila GRIP
(DGrip) orthologue was found to control directional migration
of embryonic muscle cells (Swan et al., 2004).
XGRIP2.1, an early-localizing maternal transcript, is specifi-
cally associated with the germline throughout Xenopus embry-ogenesis. We find that interfering with the function of XGRIP2.1
in Xenopus embryos leads to a reduced PGC number and,
moreover, improper positioning of PGCs along the anteroposter-
ior axis. Thus, our data imply a function for XGRIP2.1 in
the maintenance and migration of PGCs in Xenopus.
Materials and methods
Isolation of the full-length XGRIP2.1 cDNA
The 1617 bp 3′UTR and part of the ORF sequence for XGRIP2.1 cDNAwere
identified by a microarray-based screen of a cDNA library enriched in vegetally
localizing sequences (Horvay et al., 2006). 5′RACE extension of this fragment
was performed (BD SMART™ RACE Machinery, Clontech) with the
XGRIP2.1_1_1R primer. The sequences of all primers used for cloning are
listed in the Supplementary Table. The resulting 2.5 kb product contained 125 bp
of the XGRIP2.1 5′UTR and the missing part of the ORF. The full length 4994 bp
XGRIP2.1 cDNA (GenBank accession no. EF139240) was amplified from total
oocyte stage V–IV cDNA, using the XGRIP2.1_3′UTR4 and XGRIP2.1_5′
UTR_F5 primers.
Cloning procedures
The 800 bp cDNA fragment of XGRIP2.1 ORF was PCR amplified using
XGRIP2.1_1_1F/XGRIP2.1_1_3R primers from the full length XGRIP2.1
cDNA, ligated into the pGEM-T vector (Promega) and used later for the
production of the antisense riboprobe for the whole mount in situ hybridization
(WMISH). Wild type ORF XGRIP2.1 (wtORF) was PCR amplified using SalI/
XhoI linker primers from the full length XGRIP2.1 cDNA and cloned into the
pCS2+DE vector (see below) for overexpression and rescue experiments.
The pCS2+DE vector was cloned as a derivative from the pCS2+expression
vector (Rupp et al., 1994) with a 3′UTR localization element of the XDead end
cDNA (Horvay et al., 2006) ligated into the XhoI and SnaBI restriction sites to
mediate PGC specific expression of a transcript of interest (Koebernick and
Pieler, unpublished).
Putative dominant negative constructs were amplified by PCR using ClaI/
XhoI linker primers and ligated into the pCS2+DE vector. XGRIP2.1 PDZ 23
del was created as an internal deletion of the most prominent XGRIP2.1 putative
dominant negative construct PDZ 23, from which 36 amino acids (S183 to
H218) were deleted (XGRIP2.1 PDZ 23 del_F and XGRIP2.1 PDZ 23 del_R).
XGRIP2.1 PDZ 23 SRSmut was generated by site-directed mutagenesis
(Promega), by which the putative ligand binding motif (168FGF170) was
substituted by the 168SRS170 triplet (Fig. 5A). Using the same set of primers
(SRS mut_F and SRS mut_R), the SRSmutORF was cloned as for the PDZ 23
SRSmut in the context of the full XGRIP2.1 ORF. ΔPDZ2ORF, ΔPDZ3ORF
and ΔPDZ23ORF were generated as internal deletion constructs of the
XGRIP2.1 wild type ORF (wtORF), from which PDZ 2 (E158 to D243),
PDZ 3 (V259 to P340) and both PDZ 2 and 3 (E158 to P340) were deleted.
The XGRIP2.1 cDNA fragment containing the XGRIP2.1 5′UTR and ORF
was amplified by PCR with XGRIP2.1_5′UTR_F53 and XGRIP2.1_ORF_X-
hoIR primers and cloned into pCS2+ for in vivo and in vitro morpholino
specificity tests. The PCR fragment containing the XGRIP2.1 5′UTR and
the start codon was amplified from total oocyte stage IV–V cDNA with
XGRIP2.1_5′UTR_BamHI_F/R primers and ligated into the BamHI linearized
mycGFPpCS2+vector (Klisch et al., 2006) upstream of the mycGFP ORF. The
5′UTRXGRIP2.1mycGFP reporter construct with intact morpholino target
sequences was used for an additional morpholino specificity test. Two
constructs, 5′UTRXGRIP2.1mycGFPmut1 and 5′UTRXGRIP2.1mycGFP-
mut2, contained point mutations in the MO1 or MO2 binding sites respectively,
and were used as controls.
Preparation of sense mRNAs, antisense riboprobes, and whole mount
in situ hybridization
WMISH was performed with oocytes and embryos from Xenopus laevis
albino frogs as described previously (Hollemann et al., 1998). Antisense
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the presence of digoxygenin-coupled rUTP. The Xpat antisense RNA probe was
generated by EcoRI digestion of the pBKXpat plasmid (Hudson and Woodland,
1998) and T7 transcription. The MyoD antisense RNA probe was generated by
BamHI digestion of the plasmid pSP73XMyoD (Hopwood et al., 1989) and Sp6
transcription. The XGRIP2.1 antisense RNA probe was generated by SphI
digestion of the pGEM-T XGRIP2.1 plasmid (see cloning procedures) and Sp6
transcription. Images of stained embryos and oocytes were taken directly after
the colour reaction or after benzylbenzoate/benzylalcohol clearing (PLAPO
1.2X PRZ microscope, Olympus). Vibratome sections (30 μm) were prepared
with a Leica VT100S vibratome as described previously (Hollemann et al.,
1998).
Sense mRNAs were transcribed from linear plasmids using the MESSAGE
mMACHINE kit (Ambion) according to the manufacturer's protocols.
Microinjection procedures and loss-of-function experiments
Embryos were injected vegetally into both blastomeres at the 2-cell stage.
XGRIP2.1 specific morpholino oligonucleotides complementary to the 5′UTR
region (MO2 5′GGATCCAATACCCCTCTTCTCACGTT) and spanning the
start codon (MO1 5′TGCATTTAGAGGTTCTTCATTGGCT), as well as the
control morpholino (CO MO 5′CTTCTTACCTCAGTTACAATTTATA), were
obtained from Gene Tools (Philomath, USA).
For dominant-negative loss-of-function experiments, 2 fmol mRNA of each
construct were injected per embryo vegetally into both blastomeres of the two-
cell stage. For the estimation of the average PGC number and for analysis of
PGC migration, embryos fixed at stage 31–33 were stained by WMISH with
Xpat to detect the PGCs and with MyoD to label the somites. PGCs were
scored on both sides of each embryo. The average PGC number was calculated
for batches of 20 or 30 embryos. These numbers were then related to the
corresponding control value for uninjected embryos, which was set to 100%.
The mean of the average PGC number (in %) was calculated from results for
three independent experiments. The number of mislocalized PGCs was scored
analogously within a group of 20 randomly chosen embryos for each treatment
and related in percentage to the total PGC number for any given group of
embryos. The mean value of the percentages obtained was calculated from three
independent experiments.
For the analysis of PGC migration profiles, the number of PGCs at
individual somite positions was scored on both sides of 20 randomly chosen
embryos for each treatment. The average PGC number per somite was calculated
in percentage of the total PGC number for any given group of embryos. The
mean value of average numbers obtained was calculated from three independent
experiments. The p(t)-values were determined via one-tailed paired Student's
t-test.
RT-PCR analysis
Total RNA from embryonic stages and adult frog tissues was isolated as
described previously (Hollemann et al., 1998). The RT-PCR was performed
using the Perkin-Elmer RT-PCR kit following the manufacturer's protocol.
Amplification was carried out using XGRIP2.1 specific primers
(XGRIP2.1RT_F 5′CACTTTATTGGACAAGGCTGCAT and XGRIP2.1RT_R
5′GCCTGGTGGGCAGATAATACACAC) resulting in a 278 bp product. For
the loading control, the 200 bp Histone H4 product was amplified by use of H4-
F (5′CGGGATAACATTCAGGGTATCACT) and H4-R (5′ATCCATGGCGG-
TAACTGTCTTCCT) primers. For both XGRIP2.1- and Histone H4-specific
primer pairs, an annealing temperature of 56 °C was used. The amplification was
carried out with 30 cycles for XGRIP2.1 and with 26 cycles in case of Histone
H4.
Antibodies
The following antibodies were used for Western blotting: mouse anti-myc
9E10 (Sigma) in 1:15,000 dilution, goat-anti-mouse IgG HRP-coupled (Santa
Cruz) in 1:20,000 dilution, rabbit polyclonal anti-GAPDH serum (Abcam) in
1:5000 dilution, goat-anti-rabbit IgG HRP-coupled (Sigma) in 1:10,000
dilution, and rabbit polyclonal anti-XGRIP2.1 IgG (BioScience) in 1:100dilution. The anti-XGRIP2.1 antibody was raised against the 19 amino acid
peptide 812-YVPQAVGISLHPHEWRTSR-830.
Results
XGRIP2.1 is a novel vegetally localizing mRNA specifically
expressed in the Xenopus germline
XGRIP2.1 was identified in a microarray-based screen for
novel vegetally localizing mRNAs in Xenopus oocytes that we
have described earlier (Horvay et al., 2006). The original cDNA
clone contained the 3′UTR region and the C-terminal part of the
ORF and was extended by 5′RACE to obtain a 4994 bp cDNA
clone, including 125 nucleotides of the 5′UTR. The ORF
encodes a predicted 130 kDa protein containing seven PDZ
(PSD-95/Disc-large/ZO-1) domains (Suppl. Fig. 1A), which
exhibits an overall amino acid identity of 80% in comparison to
rat GRIP2 (Wyszynski et al., 1999, GenBank accession no.%
20Q9WTW1) and of 78% in comparison to rat GRIP1 (Dong et
al., 1997, GenBank accession no. NP114458) (Suppl. Fig. 1B).
According to the highest degree of overall protein identity, we
termed our clone XGRIP2.1 for Xenopus GRIP2. A closely
related X. laevis XGRIP2.1 sequence, excluding the 5′UTR,
was recently published (Kaneshiro et al., 2007, GenBank
accession no. AB290863) and revealed to contain 5 amino acid
changes (see sequence alignment in Suppl. Fig. 1B).
The spatiotemporal expression of XGRIP2.1 mRNA during
Xenopus development was analyzed by whole mount in situ
hybridization (WMISH) and RT-PCR. Transcript levels of
XGRIP2.1 are prominent in the egg and during early cleavage
stages, slightly decreasing between neurula and late tailbud stage
and elevated again at tadpole stages (Fig. 1G). In stage I–III
oocytes, the XGRIP2.1 transcript is enriched in the mitochon-
drial cloud and subsequently at the tip of the vegetal cortex (Figs.
1A, A′, B, B′). This RNA distribution during oogenesis
characterizes XGRIP2.1 as an early localizing mRNA.
During early cleavage stages, XGRIP2.1 mRNA is detected
in the granular patches of the germ plasm (Figs. 1C, C′). At
gastrula stage, the transcript is specifically localized in isolated
cells within the involuting endoderm (Figs. 1D, D′). At neurula
stage, no surface signal was detected byWMISH, but vibratome
sections revealed XGRIP2.1 expression in single cells within
the endoderm (data not shown). At tailbud stage, XGRIP2.1
was exclusively expressed in migrating primordial germ cells
(PGCs), as revealed by its colocalization with the established
PGC marker Xpat (Hudson and Woodland, 1998) (Figs. 1E, F).
In adult frog tissues, XGRIP2.1 expression was detected in the
brain, ovary, eye, muscle, spinal cord, and very weakly in
adipocytes (Fig. 1H). Thus, XGRIP2.1 is an early localizing
mRNA specifically expressed in the germ plasm and germ cells
during the early phases of Xenopus development.
MO-mediated depletion of XGRIP2.1 reduces the average
number of PGCs in tailbud stage Xenopus embryos
To analyze the potential function of XGRIP2.1 in the context
of PGC development in Xenopus, we first carried out antisense
Fig. 1. Analysis of XGRIP2.1 expression by whole mount in situ hybridization and RT-PCR. (A–F) The localization of XGRIP2.1 mRNA in Xenopus oocytes
and embryos was analyzed by whole mount in situ hybridization, followed by vibratome sectioning (A′–D′). In stage I oocytes, XGRIP2.1 mRNA was detected
in the mitochondrial cloud (A, A′) and at early stage III at the tip of the vegetal cortex (B, B′). At the 2-cell stage of embryogenesis, XGRIP2.1 mRNA is
enriched in granular patches of germ plasm at the vegetal pole (C, C′, vegetal pole view). At gastrula stage, the transcript was detected in isolated cells within
the endoderm (D, blastoporus view, arrow in panel D′). At tailbud stage, XGRIP2.1 is specific to the migrating germ cells (E, lateral view of the embryo with
the head to the left). XGRIP2.1 and Xpat RNAs colocalize in migrating PGCs at tailbud stage of embryogenesis. Embryos were sequentially stained for
XGRIP2.1 (blue) and Xpat (red, magnified view in the inset, the first staining of the same embryo) (F, lateral view of the embryo with the head to the
left). RT-PCR analysis of the temporal expression during embryogenesis (G) and tissue-specific expression of XGRIP2.1 (H). Total RNA for RT-PCR was
prepared from embryos or from adult tissues. Abbreviations: Gv—germinal vesicle, Mc—mitochondrial cloud, Vc—vegetal cortex, Bc—blastocoel, B—brain,
O—ovary, E—eye, Sk—skin, M—muscle, F—fat, K—kidney, G—gall bladder, Sp—spleen, I—intestine, T—testes, Li—liver, Sm—stomach, Lu—lung, P—
pancreas, H—heart, Sc—spinal cord.
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558 K. Tarbashevich et al. / Developmental Biology 311 (2007) 554–565morpholino oligonucleotide (MO) mediated knockdown experi-
ments. For this purpose, we employed two different XGRIP2.1-
specific MOs, targeted to either the start codon region (MO1) orthe 5′UTR region (MO2) (Fig. 2A). The specificity of both
MOs was tested by in vitro translation (Suppl. Fig. 2A) and in
vivo, by Western blotting of total protein extracts from embryos
559K. Tarbashevich et al. / Developmental Biology 311 (2007) 554–565microinjected with the synthetic XGRIP2.1 mRNA either alone
or together with two different MOs (Fig. 2B). This over-
expression approach was used, because the sensitivity of the
XGRIP2.1 antibody that we have raised (see Materials and
methods) was too low to detect the endogenous protein. As
additional in vivo specificity control, we used a reporter
construct containing the XGRIP2.1 5′UTR fused to the
mycGFP ORF (Suppl Figs. 2B–D). In all experiments,
translation of the recombinant XGRIP2.1 or mycGFP protein
was strongly inhibited at high MO doses.
Vegetal injection of either MO into two-cell stage embryos
resulted in a dose-dependent decrease of the average number of
Xpat-positive cells scored in early tailbud stage embryos (Figs.
2C–G) when compared to embryos injected with control MO.
Since the PGC number per embryo varies greatly between
different batches (average number from 10 to 25 in control
embryos); the average PGC number was calculated as percen-
tage in relation to the values obtained for control embryos from
the same batch in each experiment, which was set to 100%. The
threshold concentration of MO resulting in an approximately
50% decrease of the average PGC number was between 0.5 and
1 pmol for MO1 and roughly 0.2 pmol for MO2 (Figs. 2C, D).
Upon microinjection of the highest concentration of each MO
compatible with embryonic viability, the number of PGCs
detected at the surface of XGRIP2.1-depleted embryos was
strongly reduced (Figs. 2F, G). To exclude the possibility that
PGCs were still present inside of these embryos, they were
cleared with benzyl benzoate/benzyl alcohol (data not shown).
We did not observe significant differences between the average
PGC scores from transparent embryos when compared to those
obtained by quantification of surface PGCs. To verify that the
decrease in PGC number is specific to PGCs in general and not
only observed for Xpat-positive cells, XGRIP2.1 morphants
were also stained for other PGC markers, i.e. Xdazl, DeadSouth
and XGRIP2.1. For all these markers, the decrease in average
PGC numbers did not differ significantly from the values
obtained by scoring for Xpat expression (Figs. 2H–N).
XGRIP2.1 morphants exhibit improper anteroposterior
positioning of PGCs
To characterize the effect of the XGRIP2.1 MO-mediated
knockdown in further detail we also addressed the question if
proper anteroposterior positioning of PGCs is affected in this
situation. Since the dynamics of PGC positioning along the A/PFig. 2. XGRIP2.1 knockdown results in reduced average PGC numbers. (A) Schem
XGRIP2.1 cDNA are marked as blue box and grey arrow, respectively. (B–N) E
XGRIP2.1 MO1 and MO2 inhibit translation of XGRIP2.1 in vivo. Embryos wer
XGRIP2.1 specific MOs or the control morpholino and grown to the tailbud stage 32
XGRIP2.1 protein was no longer detected at high concentrations of either MO1 or MO
of the average PGC number. The average PGC number was calculated from three ind
range of 10 to 25 PGCs per embryo for the MO1 series (control in panel C) and 10
analyzed embryos. (E–G) Representative examples of embryos injected with the con
Reduced PGC number in MO2 injected embryos as evidenced by use of different
XGRIP2.1 MO2, cultivated to stage 31/32 and subjected to WMISH. (H) Average PG
average of three independent injection series, 60 embryos were analyzed for each tre
injected with CO MO (I, K, M) or XGRIP2.1 MO2 (J, L, N) and stained for Xdazlaxis had so far not been documented in Xenopus embryos, we
performed a systematic analysis of the PGC migration profile
between stage 24 and 32 (Fig. 3). The anteroposterior position
of the PGCs was mapped in relation to the array of somites as
visualized by MyoD mRNA expression. The average PGC
number per somite was determined in uninjected tailbud stage
embryos (stage 24–32, n=90) obtained from three different
frogs (Figs. 3A–H). The position of PGCs along the A/P axis
from stage 24 to stage 29 is shown in relation to somite number
12 (Figs. 3A–F). With progressing tailbud stage, the position of
the majority of the scored PGCs appears to shift anteriorly.
More than 90% of PGCs were located between somites 6 and 12
at stage 29 (Fig. 3F) and between somites 5 and 11 at stage 32
(Fig. 3G). This distribution of PGCs was regarded as “normal”,
while migration of PGCs beyond these limits was defined as
“mislocalization”. Applying this system to XGRIP2.1 morphant
embryos, we scored 12% of PGCs as mislocalized in
comparison to 2.7% calculated for uninjected controls at stage
32 (Fig. 3J).
Taken together, XGRIP2.1 morphants exhibit both signifi-
cantly reduced PGC numbers and a slight degree of PGC
mislocalization, implying an important role for XGRIP2.1 in
PGC maintenance and migration.
A putative dominant-negative fragment of XGRIP2.1 interferes
with the survival and anteroposterior migration of PGCs
As a second approach to interfere with the function of
XGRIP2.1 during embryogenesis, we generated a series of
XGRIP2.1 fragments, potentially acting as dominant-negative
(DN) proteins, which were cloned as cassettes of two or three
contiguous PDZ domains, spanning the entire length of the ORF
(Fig. 4A). These fragments were fused to a 3′UTR fragment of
the XDead end cDNA, restricting their expression to the germ
cells (Koebernick and Pieler, unpublished data), thereby
avoiding indirect effects resulting from overexpression of the
putative DNs in the soma.
Vegetal injection of synthetic mRNAs encoding these
putative DNs into both blastomeres of two-cell stage embryos
at a dose of 2 fmol was well compatible with embryonic
survival up to stage 35, thus allowing for the analysis of their
impact on PGC development. For several of these XGRIP2.1
fragments, a significant reduction in PGC number was observed
(Fig. 4A). Among the constructs containing three PDZ domains,
the strongest effect was observed for the PDZ 234 fragmentatic illustration of morpholino oligonucleotide target sites. 5′UTR and ORF of
mbryos were injected vegetally into both blastomeres at the 2-cell stage. (B)
e injected with XGRIP2.1 5′UTR_ORF RNA with or without coinjection of
. Total protein extracts of injected embryos were subjected to Western blotting.
2. (C, D) Injection of either XGRIP2.1 MO results in a dose-dependent decrease
ependent experiments (see Materials and methods). The control score was in the
to 16 PGCs per embryo for the MO2 series (control in panel D), n—number of
trol morpholino, XGRIP2.1 MO1 or with XGRIP2.1 MO2, respectively. (H–N)
PGC markers. Embryos were injected with 1 pmol of CO MO or 0.2 pmol of
C number in control and MO2 injected embryos. The result was calculated as an
atment (see Materials and methods). (I–N) Representative examples of embryos
(I, J), XDeadSouth (K, L), XGRIP2.1 (M, N). ∗—p(t)b0.05.
560 K. Tarbashevich et al. / Developmental Biology 311 (2007) 554–565(37% decrease in the average PGC number). An even more
pronounced effect was obtained upon injection of the two PDZ
domains containing constructs PDZ 23 and PDZ 67, each
resulting in a reduction of the average PGC number to about
50%. This effect could be rescued to an average PGC number of
93% for the XGRIP2.1 PDZ 23 construct by coinjecting 0.2 ng
of XGRIP2.1 ORF mRNA (Fig. 4A). Coinjection of XGRIP2.1
PDZ 67 together with the ORF did not have any rescuing effect
(data not shown). Therefore, this effect appears to be unspecific.
Mislocalization of PGCs was observed in only 3–6% of the
control embryos, but was increased significantly upon mis-
expression of several of the putative DN constructs (Fig. 4A)
with the most severe effect caused by the XGRIP2.1 fragment
encoding PDZ domains 2 and 3. Microinjection of 2 fmol of this
mRNA resulted in mislocalization of 30% of the PGCs (Figs.
4A, B, D, E; Suppl. Figs. 3 and 4).
A comparative profile of PGC localization along the
anteroposterior axis of uninjected control embryos and PDZ
23 mRNA-injected embryos is represented in Fig. 4B. In control
embryos, 97% of the PGCs were located between somites 5 and
11 with the maximum detected at the level of somite 8. In
contrast, in PDZ 23 mRNA-injected embryos, PGCs were
spread in a much broader area between somites 3 and 17 and the
peak of PGC distribution was shifted posteriorly. Coinjection of
0.2 ng of XGRIP2.1 ORF mRNA together with 2 fmol PDZ 23
mRNA rescued the phenotypic effects (Figs. 4A, B; Suppl. Fig.
4). To further test for the specificity of this effect, two mutant
versions of PDZ 23 were designed to abolish the binding of
putative interacting proteins by deleting a stretch of 36 amino
acids from the PDZ domain 2 (PDZ 23 del) and by mutation of
the FGF-motif in the putative binding cleft to SRS (PDZ 23
SRSmut) (Fig. 5A) (Im et al., 2003). Injection of mRNA
encoding these mutant forms of the PDZ 23 construct did not
result in a significant change of the PGC migration profile or
number (Figs. 5B, C and data not shown), indicating that proper
folding of this part of the XGRIP2.1 protein is required for the
interaction(s) with putative binding partner(s), resulting in the
phenotype observed.
To further analyze the importance of PDZ domains 2 and 3 in
the context of full length XGRIP2.1, additional mutant forms of
XGRIP2.1 were generated. In the first one (SRSmutORF), the
FGF-cleft (Im et al., 2003) was mutated to SRS, as described
above for PDZ 23. In addition to this, we generated three
deletion mutants lacking either a single or both PDZ domains 2
and 3 (ΔPDZ2 ORF, ΔPDZ3 ORF and ΔPDZ 23 ORF,
correspondingly). These constructs were analyzed for their
capacity to rescue the MO-mediated reduction of average PGC
numbers. Coinjection ofΔPDZ2 ORF or ΔPDZ3 ORF deletion
mutants together with the XGRIP2.1 MO2 was not lethal and
did not result in a significant rescue of the MO effects (Fig. 6).
Similarly, coinjection of SRSmutORF did not lead to a
significant rescue of MO induced phenotype, for both, effects
on average PGC number and PGC migration (Fig. 6).
Coinjection of the ΔPDZ 23 ORF mRNA together with the
XGRIP2.1 MO2 was lethal even at a limit of 30 pgs, the mRNA
dose equivalent to the threshold dose of the wtORF mRNA
needed to achieve a statistically significant rescue of the MOeffects (data not shown). Taken together, this additional rescue
experiments indicate that PDZ 2 and 3 are essential for the
normal function of XGRIP2.1 in the context of PGC
development.
In summary, similar to the effects obtained in MO-mediated
knockdown experiments, PGC-specific misexpression of a
dominant-negative protein fragment encoding PDZ domains 2
and 3 of XGRIP2.1 leads to a reduction of the average PGC
number, substantiating the idea that proper function of
XGRIP2.1 is required for PGC maintenance. Furthermore,
misexpression of the PDZ 23 DN construct and MO-mediated
depletion of XGRIP2.1 interfere with the normal positioning of
PGCs along the A/P axis, suggesting a function of XGRIP2.1 in
the context of PGC migration.
Discussion
The maternal mRNA XGRIP2.1 was identified as a novel
vegetally localizing mRNA in a microarray-based screen of a
cDNA library prepared from dissected vegetal cortices of Xe-
nopus oocytes (Horvay et al., 2006). According to the spatial
mRNA distribution of XGRIP2.1 during oogenesis, XGRIP2.1
is localized via the early transport pathway. Our findings seem
to contradict to what has been reported in a recent publication
on the identification of a Xenopus GRIP2 homologue, which
was described as late localizing (Kaneshiro et al., 2007). Since
this cDNA probably represents a pseudoallelic form of
XGRIP2.1 (alignment in Suppl. Fig. 1B), sequence variations
may account for the differing results.
The germ line specific expression pattern of XGRIP2.1
strongly argues for its involvement in germ cell development
in Xenopus. Indeed, specific antisense-mediated depletion of
XGRIP2.1 using two different MOs results in a significant
reduction of the PGC number as scored in early tailbud stage
Xenopus embryos. Similar effects are obtained upon expres-
sion of the putative dominant-negative XGRIP2.1 fragments
PDZ 23 and PDZ 67. Thus, interfering with the function of
XGRIP2.1 blocks normal PGC development up to stage 32,
suggesting an essential function of XGRIP2.1 protein for the
maintenance of PGC identity, PGC proliferation or PGC
survival. Loss of PGCs has also been observed upon
depletion of Xdazl, XDead end and Xdsg, the causes of
which remain unclear (Houston and King, 2000b; Horvay et
al., 2006; Ikenishi et al., 2006). One possible explanation for
the reduced PGC number could be apoptosis. However,
TUNEL staining experiments did not reveal PGC specific
signals in either uninjected or MO-injected Xenopus embryos
(data not shown). It has previously been demonstrated that
transplanted PGCs are capable to form part of a wide range
of different tissues (Wylie et al., 1985). Thus, the loss of
PGCs observed upon XGRIP2.1 knockdown may also result
from their transdifferentiation. However, more complex
experiments are needed to further elucidate the cause for
PGC disappearance.
Our loss-of-function experiments also reveal a second,
unexpected role of the XGRIP2.1 protein in anteroposterior
positioning of PGCs. Compared to the normal AP distribution
Fig. 3. Positioning of PGCs along the A/P axis in control and XGRIP2.1 morphant embryos. (A–H) Representative examples of uninjected control embryos exhibiting
normal PGC positioning between stage 24 and stage 32. PGCs were stained for Xpat and somites for XMyoD by WMISH. (A–G) Embryos were cleared with benzyl
benzoate/benzyl alcohol. (H) PGC migration profile of uninjected control embryos (stage 24–33). (J) The PGC distribution profile of embryos at stage 32 injected
vegetally into both blastomeres at the 2-cell stage with 0.2 pmol of MO2 XGRIP2.1 or CO MO. Average PGC numbers at each somite position were calculated from
results of 3 independent experiments. A total of 60 embryos were analyzed for each stage of development or treatment.
561K. Tarbashevich et al. / Developmental Biology 311 (2007) 554–565of PGCs, both MO-mediated knockdown and misexpression
of putative dominant-negative XGRIP2.1 fragments resulted
in mislocalization of PGCs to more posterior positions. The
most pronounced posterior shift in PGC localization was
obtained upon misexpression of the XGRIP2.1 fragment
encoding PDZ domains 2 and 3 (Figs. 4A, B, D, E). The
phenotypes of decreased PGC numbers and PGC mislocaliza-tion thus seem to be coupled. However, upon injection of PDZ
67 reduced PGC numbers are observed in absence of
significant effects on anteroposterior PGC positioning (Fig.
4A). This result indicates that reduced PGC numbers do not
generally result in PGC mislocalization. The enhancement of
the mislocalization phenotype obtained upon injection of the
XGRIP2.1 DN construct PDZ 23 (∼2.5 fold compared to the
Fig. 4. Misexpression of the putative dominant negative XGRIP2.1 fragment PDZ 23 impairs normal PGC development and migration. (A, B, D) Embryos were
injected vegetally into both blastomeres of the 2-cell stage. (A) Injection of synthetic mRNAs (2 fmol each) encoding for a series of putative dominant negative protein
fragments of XGRIP2.1 results in a reduced average PGC number and mislocalization of PGCs. ∗—p(t)b0.1 for average numbers of mislocalized PGCs and p(t)b
0.05 for average PGC numbers. (B) The PGCmigration profile of uninjected control embryos (stage 32–33) (dark blue curve) and embryos injected with PDZ 23 RNA
(2 fmol) alone (red curve) or together with XGRIP2.1 ORF RNA (0.2 ng) (green curve). (C) An uninjected control embryo (stage 33) illustrating the borders (somite
numbers, white lines) of normal PGC positioning along the A/P axis. (D) An extreme example of an embryo injected with 2 fmol of PDZ 23 RNA exhibiting
mislocalization of PGCs. (E) A representative example of an embryo injected with 2 fmol of PDZ 23 RNA exhibiting mislocalization of PGCs. N—number of
independent injections, n—number of embryos analyzed in each experiment.
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are functionally redundant in respect to XGRIP2.1 and would
also be inhibited by PDZ 23.
PDZ domains have been shown to selectively bind to the C-
terminus or to a short internal segment of interacting proteins
(reviewed in Sheng and Sala, 2001). According to the crystal
structure analysis of the GRIP1 PDZ6-cargo peptide complex
(Im et al., 2003), the PDZ 23 mutant, carrying an internal
deletion (PDZ 23 del), is predicted to partially lack a β-sheet
structure involved in cargo interaction. Mutation of the putative
hydrophobic carboxylate binding motif (as in XGRIP2.1SRSmutPDZ23) is also predicted to block the function of the
cargo binding pocket (Daniels et al., 1998). Since both these
deleted and mutated forms of DN PDZ 23 did not inhibit
proper A/P positioning of PGCs (Figs. 5B, C), the dominant-
negative effect of PDZ 23 might rely on its interference with
the specific binding of the endogenous XGRIP2.1 to a cargo
protein. Further substantiating the importance of PDZ domains
2 and 3 for proper function of XGRIP2.1, mutation of the
predicted cargo binding motif in PDZ 2 or internal deletion of
PDZ domains 2 or 3 in the context of the full-length protein
results in a loss of XGRIP2.1 MO rescuing activity (Fig. 6).
563K. Tarbashevich et al. / Developmental Biology 311 (2007) 554–565Thus, PDZ domains 2 and 3 seem to be essential for the
biological function of XGRIP2.1 in the context of survival and
migration of PGCs.
Binding of the DGrip interaction partner Echinoid to either
the two first PDZ domains or the C-terminal PDZ domain 7 was
proposed to mediate activation or repression of Echinoid,
respectively (Swan et al., 2006). Analogously, XGRIP2.1 DN
PDZ 23 might block a similar conformational switch requiredFig. 5. Dominant negative activity of XGRIP2.1 PRZ 23 requires structural
integrity of the predicted cargo binding domain. (A) Alignment of PDZ
domains 2 and 3 of XGRIP2.1 with the corresponding domains of Rattus
norvegicus GRIP1/GRIP2. Identical amino acids are marked as shaded boxes.
The red box depicts the internal deletion introduced into the XGRIP2.1 PDZ
23 del construct; three amino acid changes introduced into PDZ 23 SRSmut
are shown in orange. (B) The PGC migration profile of uninjected control
embryos (dark blue curve), embryos injected with 2 fmol of PDZ 23 (red
curve), PDZ 23 del (yellow curve) or PDZ 23 SRSmut (light green curve)
mRNA. n—number of embryos analyzed. (C) Injection of 2 fmol of the PDZ
23 RNA increases the average number of mislocalized PGCs, calculated as
percentage of the total PGC number from three independent experiments (see
Materials and methods). 60 embryos were analyzed in total for each kind of
treatment. n—number of PGCs scored. (B–C) Embryos were injected
vegetally into both blastomeres at the 2-cell stage. n—number of PGCs
scored, N—number of independent injections.
Fig. 6. Coinjection of wtORF XGRIP2.1 can rescue the average PGC number
and anteroposterior positioning of PGCs induced by 0.2 pmol of MO2
XGRIP2.1. Mutations within PDZs 2 or 3 abolish the rescuing activity. Embryos
were injected vegetally into both blastomeres at the 2-cell stage. n—number of
PGCs scored, N—number of independent injections. ∗—p(t)b0.05.for the proper function of the protein. GRIPs are known to form
protein complexes with different binding partners even within
one system. Different PDZ domains in Dgrip were shown to
interact with Echinoid, Frizzled2 and Kon-tiki (Ataman et al.,
2006; Schnorrer et al., 2007). The design of our series of
putative DNs as short overlapping fragments of 2 and 3
neighbouring PDZ domains covering the whole ORF allowed
us to compete with binding of different potential interaction
partners. To further understand the basis of the DN effect,
identification of XGRIP2.1 binding proteins from PGCs will be
crucial.
Apart from arguing for a role of XGRIP2.1 in PGC
migration, our data also provide the first evidence for an
anterior migration step of PGCs occurring during tailbud stages,
prior to dorsal migration, which has not been previously
documented in Xenopus embryos (Figs. 3A–H). Posterior
mispositioning of PGCs was evident at late tailbud stage (stage
30–32) but not observed in early tailbud (stage 26) stage
embryos, just prior to the onset of active migration. At early
tadpole stage (stage 34), PDZ 23 injected embryos also
exhibited retardation of dorsal PGC migration apart from
persisting posterior PGC mislocalization (data not shown).
Therefore, the posterior mislocalization of PGCs may also be
the result of a general delay in migration exhibited by PGCs
expressing the DN form of XGRIP2.1. To address this, we are
currently characterizing the anterior migration step in more
detail using time lapse microscopy.
In summary, our data imply a novel role for XGRIP2.1 in
germ cell development and anteroposterior germ cell migration
in Xenopus.
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